INTRODUCTION
A long march has been made on the way to complete optical switching of magnetization in magnetically ordered media. The first investigations on this subject matter showed that excitation with a laser pulse with duration of 60 fs destroys the magnetic order of a ferromagnetic nickel film on a time scale on the order of 1 ps [1] . After that, the possibility of light excitation of spin oscillations at the magnetic-resonance frequency was demonstrated [2] [3] [4] . Although initially the amplitudes of these oscillations did not exceed a few degrees, it has been demonstrated later on that, in the vicinity of a phase transition, these oscillations can be enhanced noticeably [5] . The authors of [6] and [7] demonstrated the possibility of reorientation of spins under the action of a femtosecond laser pulse by 90°a nd 180°, correspondingly. Allowing for these results, the possibility of optical data recording using a short laser pulse in an ultimately short time was revealed [8] . Lastly, in works [9] [10] [11] , the possibility of data recording by means of the action of laser pulses on a magnetic carrier was reported.
It is significant that, despite the obvious analogies between magnetically ordered and ferroelectric materials, the possibility of the ultrafast switching of the order parameter in ferroelectrics has hardly been studied and remains a topical issue, the solution to which will make it possible to create new more efficient ferroelectric memory devices [12] .
Earlier [13] , we demonstrated the possibility of exciting a soft phonon mode in a ferroelectric semiconductor Sn 2 P 2 S 6 (SPS) crystal under the action of a femtosecond laser pulse. This may be evidence that light can influence the ferroelectric order parameter and, by analogy with magnetic materials, become the first step toward the complete optical switching of ferroelectric polarization Optical Second Harmonic Generation and Its Photoinduced Dynamics.
A common method for detecting a phase transition is the X-ray diffraction technique. However, this technique is rather intricate for the investigation of a phase transition with time resolution [14] .
The technique of optical second harmonic generation (SHG) has been one of the main methods for investigation of the properties of ferroelectric crystals, thin films, and nanostructures since long ago [15] [16] [17] [18] [19] and, unlike X-ray diffraction, it enables investigation of the dynamics of the ferroelectric order parameter.
In spite of all advantages, at present, there are only several works dealing with application of the SHG method to investigation of such a class of materials as ferroelectric semiconductors [20] [21] [22] [23] , in which observation of optical switching of the ferroelectric order parameter is most probable due to screening of polarization by charge carriers photoexcited to the conduction band.
In the present work, the excitation and dynamics of the nonlinear optical response of a ferroelectric semiconductor SPS crystal was investigated using a femtosecond laser pulse. It was revealed that, under the action of femtosecond pulses, change in the SHG intensity occurs in the sample, which can be associated with screening of existing electric polarization. 
EXPERIMENTAL SETUP AND TECHNIQUE
In the investigations, a tin hypothiodiphosphate Sn 2 P 2 S 6 crystal cut along crystallographic plane [010] was employed.
The SPS is an intriguing crystal from the researcher's point of view, a wide-bandgap semiconducting ferroelectric with unique nonlinear optical properties and a wide optical radiation transmission bandwidth in the range from 530 nm to 8 μm. At room temperature, the SPS crystal is a ferroelectric with monoclinic point symmetry group m and undergoes a second-order phase transition into a paraelectric phase with point symmetry group 2/m at a temperature about 337 K [24] . At the same time, this material behaves as a wide-bandgap semiconductor with a band-gap energy of E g = 2.31 eV. The wavelengths for the pump-probe experiment were chosen on the basis of the results given in article [25] , in which it was shown that, for the electromagnetic radiation with the energy of photons lower than 2 eV, the absorption coefficient in this material is extremely low (≤3 cm -1 ), while, at the energies higher than 2 eV, the absorption coefficient increases rapidly reaching the values on the order of 10 5 cm -1 . Such a behavior is typical of semiconducting materials, as well as the photoconductivity phenomenon, which was studied with SPS in [25, 26] .
The energy-level diagram of the SPS crystal is given in [25] . It is shown that the conduction band consists of several narrow subbands. In work [27] , it was asserted that, owing to Sn + ions, acting as acceptors, undoped SPS is a p-type semiconductor at room temperature.
For the investigation of the SHG relaxation kinetics in the SPS crystal, an optical pump-probe technique was used. The scheme of the experimental setup is analogous to that given in work [28] . As a radiation source, pulses generated by a solid-state laser on a sapphire crystal doped with titanium ions were employed. The central radiation wavelength of such a laser was 800 nm. Next, the radiation was passed through an amplifier and compressor so that to eventually obtain a sequence of laser pulses with a duration of each pulse of 80 to 100 fs and a repetition rate of 1 kHz. After that, the radiation was split with a beam splitter between the probe radiation and pump radiation channels in the intensity ratio of 3 : 7.
The spectrum of the pump beam could be tuned with the help of an optical parametric amplifier. Pump radiation with a wavelength of 570 nm (photon energy 2.18 eV) passed through a delay line was focused onto the sample surface. The pump beam was impinging on the sample parallel to the sample surface normal.
The central wavelength of the probe pulse was chosen to be 800 nm (photon energy 1.55 eV). Polarization of both beams was linear. The angle of incidence of the probe beam was 45°. Detection took place at the second harmonic wavelength (400 nm) with the use of a photoelectric multiplier (PEM), the signal from which was processed with a photons counter (Stanford Research). To detect the signal only at the second harmonic wavelength, other radiation was filtered with a narrow-band filter. It is worthy of note that, even at relatively low intensities of the exciting radiation, the sample surface can be damaged as a result of the laser radiation action. This can be due to a "fatigue" effect, when each exciting pulse creates and leaves microdefects, accumulation of which leads to destruction of the sample. Therefore, the choice of the exciting radiation power is greatly important for the interpretation of the experimental results.
For the sample heating, the experimental setup was equipped with a heating element and a controller that allows one to vary and hold the preset temperature.
OPTICAL SECOND HARMONIC GENERATION

Spectral Dependence
To reveal the spectral features of the ferroelectric semiconductor SPS crystal, the spectral dependences of the SHG and luminescence upon two-photon excitation (TPL) were investigated in the wavelength range of 730-950 nm. Figure 1 shows the characteristic luminescence spectra of the SPS crystal at pump wavelengths of 800 (1.55 eV), 840 (1.48 eV), 880 (1.41 eV), and 900 nm (1.38 eV). The short-wavelengths narrow peaks correspond to generation of radiation at a doubled frequency, and wider peaks centered around 2.25 eV (550 nm) correspond to luminescence upon two-photon absorption. With an increase in the pump wavelength from 750 to 950 nm, intensity of the SHG peak rises sharply, increasing by approximately two orders of magnitude. The intensity of the luminescence peak is maximum at the pump wavelength in the Normalized signal, arb. units vicinity of 880 nm, and its position shifts slightly (within 10 nm) toward shorter wavelengths with an increasing pump wavelength.
Second Harmonic Generation
Temperature Dependence Phenomenologically, the process of second optical-harmonic generation is described using nonlinear polarization. Polarization induced by a light field is described by the constitutive equation
Separating linear and nonlinear components in the polarization of the medium, one can write
where
Here χ (m) is nonlinear susceptibilities of the respective order. The coefficients χ (m) held by the terms of expansion (5) are tensors of the order (m + 1). Then, the wave equation obtained from the Maxwell equations will take the form (6) for a nonlinear anisotropic medium and (7) for a nonlinear isotropic medium.
These equations show that nonlinear polarization of the medium is the source of new spectral components of the field [29] .
The term of expansion (5) that depends on the light-wave field strength quadratically will be the source of radiation at a doubled frequency. Let in a medium with a nonlinear susceptibility of the second order χ (2) propagate a monochromatic plane light wave (8) Upon propagation of the wave in a nonlinear medium, a polarization wave (9) will be excited. 
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This wave at a radiation frequency of 2ω will be the wave that is the source of second harmonic radiation.
An important advantage of the SHG technique is the sensitivity to change in the crystal structure of the sample during a phase transition. In particular, upon transition from a noncentrosymmetric to a centrosymmetric phase, the intensity of second opticalharmonic generation decreases by many times. This is caused by the fact that, for this type of symmetry, SHG in an electrodipole approximation, which is written as (10) is prohibited, since, in a centrosymmetric medium, = 0. For a centrosymmetric medium, the mechanism of nonlinear polarization generation is quadrupole and is written as (11) therefore, the intensity of SHG decreases by 6 to 8 orders of magnitude [30, 31] .
In ferroelectric crystals with a centrosymmetric high-temperature phase, the components of the tensor of nonlinear susceptibility are proportional to ferroelectric polarization [32] . At the same time, since the intensity of the second harmonic (SH) I 2ω is proportional to the squared field strength of the SH (12) we obtain the relationship between the intensity of the SG and ferroelectric polarization in the form (13) Figure 2 shows the SHG temperature dependence of the SPS crystal. It is seen that, with an increasing temperature, the intensity of harmonic generation goes down rapidly, approaching zero at temperatures higher than the critical one. This is evidence that the crystal structure passes from a ferroelectric phase to a paraelectric phase, in which SHG is prohibited.
According to Eq. (13), the intensity of the SH is proportional to the squared polarization, which is the order parameter in ferroelectrics.
In the context of the Landau theory, in the mean field model, the temperature dependence of the order parameter is described by the expression [33] (14) Therefore, (15) It is seen that the dependence in Fig. 2 has two pronounced linear pieces. Fitting this dependence by two straight lines and finding the place where they intersect, one can determine the Curie temperature of 336 K, which agrees well with the literature. ω = χ ω ω (2) (2 ) ( ) ( ),
(2 ) ( ) ( ); The nonzero SH signal immediately after the Curie point can be explained by "smearing" of the phase transition due to the presence of defects in the nearsurface layer and at the crystal surface. In these regions, weak SHG is observed even at temperatures higher than the Curie temperature as a result of disturbance of central symmetry of the structure.
PHOTOINDUCED DYNAMICS OF OPTICAL SECOND HARMONIC GENERATION
The Nonlinear Optical Response Relaxation Kinetics
The light-induced dynamics of excitation and relaxation of the intensity of SHG at room temperature were investigated at time delays between the excitation and probe pulses up to 2.5 ns.
The results of this experiment are illustrated in Fig.  3 . It is seen that excitation of a ferroelectric semiconductor with photons with an energy of 2.18 eV leads to a dramatic change in the intensity of SHG. The changes occur on a time scale on the order of the pulse duration. Then, the photoinduced signal relaxes exponentially. The experimental data were fitted with a function based on the approach developed earlier for the description of similar processes in direct-gap semiconductors [34] :
where τ d is the time delay between excitation and probe pulses, τ 1 and τ 2 are the times of thermalization and recombination of charge carriers, respectively, A and B are constants, and w is the pulse duration. We established earlier that the thermalization time in this material is τ 1 = 1.62 ± 0.03 ps [13] . Taking that into account, in this work, we found that the characteristic time of recombination of electrons from the conduction band to the valence band is τ 2 ~ 620 ps.
The Temperature Dependence of Nonlinear Optical Response Relaxation Kinetics
To perceive the nature of photoinduced changes in the nonlinear optical response, the dynamics of second optical-harmonic generation were investigated in the time range up to 5 ps at various temperatures. The experimental results are given in Fig. 4 . It is seen from the figure, that, when the sample temperature is increased, the value ΔI changes, which is the relative change in the signal of the intensity of SHG determined as the height of a "step" in the SHG signal between the regions τ d < 0 and characteristic times of thermalization of carriers. Also of notice is the change in the character of the time dependence in the region up to 1 ps at temperatures higher than the critical one. This issue demands further investigation and is not considered in the present study. Figure 5 shows the dependence of ΔI on sample heating temperature. The size of symbols in the figure is greater than the error in each point.
The change in ΔI is proportional to a change in squared ferroelectric polarization: ΔI ∝ ΔP 2 . Upon heating, ΔT is change in temperature and does not depend on the actual sample temperature. P 2 ∝ (T c -T); hence dP 2 /dT does not depend on the sample temperature either. Thus we obtain that ΔI is also not a function of temperature.
It is seen from Fig. 2 that, upon heating, dP 2 /dT changes in the Curie point.
Therefore, comparing the dependences in Figs. 2 and 5 in the region of the phase transition, one can draw a conclusion that the observed dynamics of the Δ ∝ Δ 2 . dP I T dT intensity of the SHG signal is not connected with ultrafast laser heating of a crystal or with an effective change in the phase transition point, since it is equivalent to heating/cooling of the sample relative to the Curie point. The most probable reason for the observed photoinduced changes is screening by photoinduced charge carriers of that part of electric polarization which is probed by the second optical harmonic. In this process, not all photoexcited charge carriers are relaxed. A portion of them is captured by long-lived states and creates defects, accumulation of which leads to destruction of the sample.
CONCLUSIONS
To conclude, spectral dependences of SHG and luminescence upon two-photon excitation were investigated for the ferroelectric semiconductor crystal Sn 2 P 2 S 6 . It was established that, with an increasing wavelength of the exciting radiation from 750 to 950 nm, the intensity of SHG rises sharply, increasing by approximately two orders of magnitude, and the intensity of the luminescence peak is maximum at the pump wavelength in the vicinity of 880 nm.
The investigation of relaxation of the light-induced dynamics of SHG at room temperature and time delays between the excitation and probe pulses up to 2.5 ns made it possible to determine that the characteristic time of recombination of electrons from the conduction band to the valence band is τ 2 ~ 620 ps.
On the basis of the character of the time dependences of the intensity of SHG measured at various temperatures, a conclusion is drawn that the action of light does not lead to ultrafast heating or change in the Curie point, and the most probable reason for the observed changes in the photoinduced dynamics of the intensity of SHG is screening by photoinduced charge carriers of that part of electric polarization, which is probed by the second optical harmonic. :  295  310  325  335  350  365  380  390  405 Time delay, ps SHG intensity, arb. units 
